Abstract-In order to counteract the explosive escalation of wireless tele-traffic, the communication spectrum has been gradually expanded from the conventional radio frequency (RF) band to the optical wireless (OW) domain. By integrating the classic RF band relying on diverse radio techniques and optical bands, the next-generation heterogeneous networks (HetNets) are expected to offer a potential solution for supporting the ever-increasing wireless tele-traffic. Owing to its abundant unlicensed spectral resources, visible light communications (VLC) combined with advanced illumination constitute a competent candidate for complementing the existing RF networks. Although the advantages of VLC are multi-fold, some challenges arise when incorporating VLC into the classic RF HetNet environments, which may require new system architectures. The user-centric (UC) design principle for VLC environments constitutes a novel and competitive design paradigm for the super dense multi-tier cell combinations of HetNets. The UC concept may be expected to become one of the disruptive techniques to be used in the forthcoming fifth-generation era. This paper provides a comprehensive survey of visible-light-aided OW systems with special emphasis on the design and optimization of VLC networks, where the radically new UC design philosophy is reviewed. Finally, design guidelines are provided for VLC systems.
I. INTRODUCTION
A S A TRULY revolutionary paradigm shift [1] , [2] , wireless technology relying on radio waves has become an integral part of our everyday life, facilitating basic services, such as making a phone call or sending a message, as well as near-field-communication-aided mobile payment. The radio waves occupy the 3 kHz∼300 GHz electromagnetic band, which has been widely used for communication purposes. However, with the increase of tele-traffic, as recently predicted by Cisco and shown in Figure 1 , the radio frequency (RF) band is becoming more and more crowded. Following the launch of the global fifth generation (5G) research initiatives [3] conceived for tackling the explosive escalation of wireless tele-traffic, the horizon of communication bands has been expanded from the conventional RF band both to the millimeter wave [4] and to the visible light [1] frequency band spanning from 400 to 800 THz.
The earliest known use of visible light communications (VLC) dates back to 1880, when Bell developed a photophone transmitting voice by employing sunlight [5] . With the development of solid-state lighting, white light-emitting diodes (LEDs) were invoked for constructing VLC systems in the early 2000s for the dual function of illumination and communications by Tanaka et al. [6] in Japan. In VLC, the intensity of light is modulated and transmitted by a light source, which flickers above the fusion-frequency of the human eye. As a benefit of their high switching rate and energy efficiency, LEDs may be the best choice for indoor VLC systems, which are capable of serving the dual function of illumination and communications.
The specific features of VLC contrasted to traditional RF communications are in Table I. Relying on the unlicensed   TABLE I  COMPARISON OF VLC AND RF COMMUNICATIONS, REPRODUCED FROM [8] spectrum spanning from 400 THz -800 THz, VLC is expected to be an integral part of next-generation communication systems with the dual function of illumination and communications. Due to the line-of-sight propagation of light, each VLC access point can only illuminate a small cell, but cannot propagate through walls. Hence, it is more secure than RF communications, but supportive of less mobility.
A. Related Works
The research of VLC has been intensified during the past decade or so. Valuable efforts have been invested in surveying this field [9] - [20] . To elaborate, a brief survey [9] of VLC systems was published in 2010, which discussed the VLC techniques and their applications in their early development phase. Tsonev et al. [10] discussed some of the key networking techniques required for realizing light fidelity (Li-Fi) networks, including the associated multiple access techniques, the potential uplink solutions as well as the optical attocell and overall network structure. Sevincer et al. [11] introduced the concept of the so-called "LIGHTNETs", which represented the dual function of smart lighting and optical wireless (OW) communications, with special emphasis on the inherent design tradeoffs between these two functions [11] .
Furthermore, VLC techniques were surveyed as a potential member of the 5G communication systems by Wu et al. [12] , including both indoor and outdoor communications. Recently, Karunatilaka et al. [13] reviewed the evolutionary development of VLC-based techniques and the related challenges. In another comprehensive survey of the existing literature of VLC systems Pathak et al. [14] discussed the associated link-layer techniques as well as the optical cell design and interferencecoordination schemes, with an additional emphasis on the pertinent issues of visible light sensing.
There are also several survey papers on specific indepth aspects of VLC systems [15] - [20] . For example, Saha et al. [15] reviewed the key techniques in optical camera communication systems by considering the IEEE standard. Qiu et al. [16] reviewed the state-of-the-art in VLC channel modelling methods, in order to provide a better insight into the theoretical basis of VLC system design, while the optical background noise sources and the corresponding noise reduction techniques of VLC systems were investigated by Sindhubala and Vijayalakshmi [18] . The applications of VLC are expected to be extended to the Internetof-Things (IoT). Explicitly, Do and Yoo [19] provided an in-depth survey of VLC-based positioning systems, while Cǎilean and Dimian [17] summarized the existing solutions designed for integrating VLC into vehicular communications. Furthermore, Rajbhandari et al. [20] provideds an overview of the recent developments of high-speed gallium-nitride-LED-aided VLC systems. The main contributions of the existing VLC survey papers are contrasted in Table II .
B. Contributions and Organization
Figure 2 provides a glimpse of the diverse system components and the associated enabling techniques designed for wireless systems, where the general VLC link structure and the unique characteristics of VLC systems are highlighted. To elaborate a little further, for a general wireless system, the ambitious design objectives of maintaining a high throughput, high quality of service (QoS), etc. have to be achieved in the face of the limited resources, including the achievable bandwidth, the implementation complexity, etc. In order to optimize this multi-objective problem, a vast number of valuable wireless enabling techniques have been investigated, as seen in Figure 2 . The associated PHY-and network-related techniques are listed in the left and right boxes of Figure 2 , respectively. Although the design of a VLC system is to a degree similar to that of a general wireless system, there are also some unique characteristics to be considered. For example, a VLC system generally employs a light-emitting diode (LED)-aided transmitter (Tx) and the photodetector (PD) based receiver (Rx), where the intensity modulated light signals are transmitted. Hence, both the general wireless transceiver design and the modulation techniques have to be appropriately adjusted for VLC systems. Considering the specific characteristics of VLC cells relying on line-of-sight light propagation, the VLC network may require a radically new structure, relying on a user-centric (UC) VLC network [21] , where the LEDtransmitters 'follow the users', rather than the other way round. Furthermore, according to the existing literature, the standalone VLC networks may not be capable of providing a convenient uplink. Therefore, the classic RF network can be invoked as a cooperative partner of VLC.
In this paper, an extensive review of the family of VLC techniques invented during the past decades is presented, where our particular attention is focused on the system-level study of the OW networks. Explicitly,
• the link-level characteristics of VLC systems are reviewed from the perspective of point-to-point transmission, including its transceivers, the optical channels as well as the PHY techniques; • we survey the layout of VLC-aided networks, with special emphasis on interference mitigation techniques specifically designed for VLC-based systems. This issue was also reviewed by Pathak et al. [14] . However, our new contribution is that apart from the conventional networkcentric methods presented in [14] , we also survey the advanced user-centric cell formation design philosophy; • the solutions of the salient multiuser signal processing, scheduling and resource management problems in multiuser VLC-aided networks are surveyed; • the applications and extensions of VLC systems are surveyed, followed by the introduction of the open challenges encountered when integrating VLC into nextgeneration communication systems. VLC can be considered as a new member in the smallcell family of the heterogeneous networks (HetNets) landscape for complementing the overloaded radio frequency band [21] . The UC cluster formation principle designed for VLC environments constitutes a novel and competitive design paradigm for the super dense multi-tier cell combinations of HetNets, where the sophisticated user equipment (UE) can actively participate in cell planning, resource management, mobility control, service provision, signal processing, etc. As a result, the UC concept may be expected to become one of the disruptive techniques to be used in the forthcoming 5G era [21] .
By definition, similar to the traditional radio frequency cell, the network-centric cell relies on an optical AP, which provides network coverage for a fix location. Multiple neighbouring cells may use different frequencies or cooperate with each other. By contrast, the UC cluster formation design takes the user-distribution into consideration and a typical UC cluster includes the serving VLC APs, the users as well as the relevant optical links. Hence, the network-centric cell is often pre-set as a fixed shape according to the transmission schemes used, while the UC cluster is amorphous and constructed dynamically by considering the tele-traffic during the current time slot. Furthermore, the network-centric cell design is subject to the specific arrangements of VLC APs, but the UC design is readily adjusted to any AP layout. Normally, the network-centric cell configuration is fixed and the network resources are allocated to the users according to pre-set algorithms. By contrast, the UC cluster formation and its resource allocation are combined and act in unison. Explicitly, during the cluster formation process, the users are scheduled and the resources are allocated at the same time. Additionally, the intra-cluster interference of the UC cluster formation is eliminated and the inter-cluster interference may be minimized by carefully designing the UC cluster radius. Moreover, the handover mechanism of network-centric networks is triggered by the users, since generally the users send their handover requests, when moving. In UC networks, the handover may be seen as being triggered by APs, where the clusters are dynamically updated by tracking the users. The major differences of network-centric and UC design are summarized in Table III. In the rest of this paper, point-to-point VLC links will be introduced in Section II including the devices and other components, the VLC channels as well as the physical layer techniques. An overview of VLC networks will be presented in Section III. Furthermore, the applications and the open challenges of VLC-based systems will be discussed in Sections IV and V, respectively.
II. VLC LINKS
A general VLC link structure is shown in Figure 2 . The optically modulated signal is superimposed on the average direct current (DC) level, which drives the LED and converts the electrical signals into intensity modulated optical signals. The received optical signal arrives at the optical filter and it is focused on a photodetector (PD), where the optical signal is converted back to electrical signal. Due to the thermal agitation of charge carriers and owing to the ambient light, noise is imposed. In Figure 2 , only the electronic domain noise is shown, although noise is accumulated at every stage. Relying on the process of amplification, signal processing and demodulation, etc. the transmitted signals are then recovered. In this section, VLC is treated as a point-to-point data transmission technique. Its transmitter and receiver, its channel model as well as the applicable modulation techniques will be introduced. Additionally, since the primary function of light luminaries is to provide illumination in indoor environments, adjustable dimming and safety to the human eye should also be considered as constraints, when integrating VLC with indoor lighting systems.
A. Device and Components

1) VLC Transmitter (Light-Emitting Diode):
Owing to the rapid development of solid-state lighting, which refers to the fact that light is emitted by solid-state electro-luminescence as opposed to incandescent bulbs or fluorescent tubes, VLC using LEDs as the data 'transmitters' has intensified during the past decade or so. Exhibiting the dual function of illumination and data transmission, the advantages of LEDs are multi-fold, such as low heat generation [22] , low power consumption [23] , high energy conversion efficiency/luminous efficacy [24] as well as a potentially high bandwidth [25] , etc. Diverse types of LEDs have been developed, which are available in commercial markets, including phosphor converted LEDs (PC-LEDs) [26] , multi-chip LEDs (MC-LEDs) [27] , organic LEDs (OLEDs) [28] and micro-LEDs [29] .
Apart from the study of the specific types of LEDs mentioned above, the basic characteristics of white LEDs have been widely investigated in [13] , [14] , [23] , [25] , and [30] , for the sake of constructing a VLC system. Since LEDs perform dual functions in indoor environments, the typical characteristics of LEDs are usually studied from two perspectives, namely in terms of their photometric parameters and radiometric parameters. The photometric parameters quantify the LEDs characteristics in terms of indoor illumination, while the radiometric parameters describe the radiated electromagnetic energy of the light, which are related to the communication characteristics of LEDs. Let us now provide a brief description of the most important parameters:
• luminosity function V(λ): the function reflecting the human eyes' sensitivity to different colours, which provides design guidelines for the associated lighting technology [31] 
where V m is the maximum visibility, which is around 683 lm/W at λ = 555 nm. Furthermore, according to its definition, the luminous intensity I L may be written as
where θ is the spatial angle. In order to calculate the illuminance of an illuminated surface, from a different perspective, we may also calculate I L in angle φ as where I L (0) is the centre luminous intensity of an LED and φ is the angle of irradiance. Furthermore, w denotes the order of Lambertian emission 1 and is given by w = ln 2/ ln(cos φ 1/2 ), where φ 1/2 is the semi-angle at half-illuminance of the LED. Now we are ready to calculate the illuminance E L at a certain point of the illuminated surface, which is given as
where d a,u is the distance between the LED transmitter and the receiver's surface, while ψ is the angle of incidence. Since illumination is the primary function of LEDs, the illumination requirements should be considered before invoking their communication function. As an example, we investigate the illumination distribution of a typical 15 m × 15 m room covered by 8×8 uniformly distributed LED-array transmitters at a height of 2.5m. Our simulation parameters are summarized in Table IV . The 15 m × 15 m indoor area considered is divided into 100×100 tiles and the center illumination of each grid can be calculated by substituting the parameters summarized in Table IV into (1)-(3). We draw the illumination surface of the 100×100 tiles as shown in Figure 3 . Figure 3 shows the illuminance distribution of the room model for different VLC transmitters arrangements. In Figure 3a , 8×8 LED-array transmitters are uniformly distributed on the ceiling, while 4 × 4 uniformly distributed transmitters are assumed in Figure 3b . Furthermore, the total transmitted optical power is the same in both settings. The illuminance range is between 300-1500 lx in Figure 3a , which satisfies the lighting standard of a typical room. However, the illuminance may be excessively bright for human eyes in some areas in Figure 3b . since it is as high as 1600 lx.
2) VLC Receiver: PDs are widely used as the receivers in VLC systems. A PD is a semiconductor device, which converts the information-bearing optical radiation into the equivalent electrical signal with the aim of recovering the transmitted information [8] . In particular, the electrical signal power is generated proportionally to the square of the instantaneous received optical power. A relevant parameter to characterize a PD is termed as quantum efficiency, which may be defined as the ratio of the number of the electron-hole pairs 2 and that of the incident photons in a given time. Apart from the quantum efficiency, the speed of response and the bandwidth of a PD are also essential, which are dependent on the transit time through the depletion regions, the electronic frequency response and the slow diffusion outside the depletion regions, etc. Furthermore, when employing many PDs together as an array, the imaging sensor can also be adopted as the VLC receiver. However, due to its low sampling rate, the achievable rate of an imaging sensor is much lower than that of a standalone PD [14] . Figure 4 shows a stylized propagation model of VLC links, Fig. 4 . Propagation model of VLC links, including the LoS links, the first reflection as well as the kth reflection. However, the average received optical power from all links, which are reflected more than once, may be negligible according to [30] .
B. VLC Channels
1) General Description of VLC Propagation Model:
including the line-of-sight (LoS) links, the first reflection as well as the high-order reflections. However, the average optical power received from all links, which are reflected more than once, may be negligible according to [30] . In the model of Figure 4 , a VLC transmitter TX located on the ceiling transmits data to a VLC receiver RX. The angles of irradiance in the LoS link and the first-reflection link are denoted as φ d and φ r , while correspondingly the angles of incidence in each link are denoted as ψ d and ψ r , respectively. The LoS optical channel's total DC attenuation h d [u, a] from a VLC transmitter TX to the receiver RX is given by [34] , [35] 
where the Lambert index w depends on the semi-angle φ 1/2 at half-illuminance of the source, which is given by w = −1/ log 2 (cos φ 1/2 ). A PD is the detector's physical area for a PD and ψ F represents half of the receiver's field-of-view (FoV). In a direct LoS path, the irradiant angle equals to the incident angle, where both the transmitter and the receiver point vertically. As shown by Figure 4 , we have
) denote the gain of the optical filter and of the optical concentrator employed, respectively, while g(ψ d ) can be written as [34] 
where n r is the refractive index of a lens at a PD. Furthermore, according to [30] , when the incidence angle ψ r is no larger than the FoV, the channel's DC attenuation dh r [u, a] on the first reflection is given by
where l 1 represents the distance between the transmitter TX and a reflective point, while l 2 is the distance between this point and the receiver RX. The reflectance factor and the reflective area are denoted by ρ and dD wall , respectively. Additionally, β 1 and β 2 represent the irradiance angles to the reflective point and to the receiver, respectively. Our parameter values are summarized in Table IV .
2) VLC Channel Models: The basic channel model of a VLC system is given by
where x(t) and y(t) denote the transmitted and received signal, respectively. h(t) is the channel's impulse response (CIR) and n(t) represents the total noise. ⊗ is the convolution operator. The CIR h(t) may be used to describe the channel characteristics of VLC. Most of the existing VLC channel models are mainly based on the infrared channel models. As reported in [25] and [36] - [39] , valuable research has been dedicated to modelling the VLC channel by considering some of the practical VLC channel characteristics. In particular, multipath propagation imposed by reflections results in spreading of the received signal, and the power delay profile (PDP) can be used to analyze the effect of multipath dispersion between transceivers. One of the widely used VLC channels was proposed by Lee et al. [36] , [37] , where the multipath PDP is given as
with N LED denoting the total number of LEDs and each LED is assumed to transmit the same power. Furthermore, p n is the power spectral distribution of the nth LED. The response after the kth-reflection to the nth-LED source is [36] 
where L k denotes the path-loss of the kth path and we have
In (10), A ref is the reflecting area and the integration in (9) is performed with respect to the surface S of all reflectors, while d k denotes the length of the kth path. The rectangular function rect(x) = 1, if |x| ≤ 1; otherwise, rect(x) = 0. Furthermore, the reflected power
n is defined as
where ρ k (λ) is the spectral reflectance. The PDP of LoS propagation is given by [36] 
where
Lee et al. [36] considered the power spectral distribution of the reflected LED light and the wavelength-dependent reflectance of VLC channels as characterized by (9)- (12). Furthermore, there are also some other VLC channel models in the literature. The classic ceiling-bounce model developed by Carruthers and Kahn [40] for indoor infrared systems was introduced into VLC systems by Rajbhandari et al. [38] . Owing to its simplicity and excellent matching with the measured data, the ceiling-bounce model is the most popular one in simulations [8] . However, this channel model only characterizes two parameters, i.e., the optical path loss and the root mean square delay spread, which may not be suitable for discussing the impact of other channel parameters. Relying on the Monte-Carlo ray tracing simulation and the assumption of the Lambert-Phong reflection pattern, Ding and Ke [39] proposed a new VLC multipath channel model, where the LoS and the scattered path are considered separately. Another channel model widely used in infrared systems is the integratingsphere model of [41] , which has also been employed in VLC systems [42] , where the diffuse signal gain is assumed to be constant everywhere in the room. The different VLC channel models are compared in Table V. 3) Shadowing Effect: Since visible light cannot propagate through most of the objects in indoor environments, it is essential to study its shadowing effect. Komine and Nakagawa [43] characterized the shadowing effects in indoor VLC systems caused by pedestrians with the aid of simulations. They found that the shadowing effects may be reduced, hence reducing the outage probability and the blocking probability, by optimizing the number of LEDs. Apart from this preliminary work, Farahneh et al. [44] modelled the shadowing effects encountered in visible light scenarios by a bimodal Gaussian distribution and derived the probability of error for low, moderate and severe shadowing conditions. However, there is still a paucity of studies on the general shadowing model of indoor VLC systems, although recently some valuable studies characterized the impact of the recievers' mobility and of human behaviour on the VLC system's performance [45] , [46] . Chvojka et al. [45] investigated the changes in channel characteristics caused by blocking and showed that the corridor model is the most robust, while the office/hall model is the most vulnurable one against people's movements. Furthermore, Bas et al. [46] highlighted the impact of the moving human body on a VLC link, which is of more significance in VLC systems. [16] C. PHY Techniques 1) Modulation Schemes: Modulation schemes constitute one of the most important physical-layer techniques in communication systems. This is especially true when jointly considering indoor illumination requirements, since the modulated signals can be used to switch on/off the LEDs, which conveys the on-off pattern-based binary information to the receiver. Since LEDs emit incoherent light, where photons have different wavelength and phase, it is an open challenge to collect appreciable signal power in a single electromagnetic mode in a practical low-cost VLC system. Hence, often the intensity modulation direct detection (IM-DD) scheme is employed, where the transmitted signal modulates the instantaneous optical power of the LEDs. Hence, IM-DD constitutes an attractive scheme and has been widely used in VLC systems.
Let us now elaborate a little further. The simple on-off keying (OOK) technique is realized by switching a LED, where the binary signals are transmitted as the presence or absence of light [30] , [47] . In [48] , an aggregate parallel data transmission rate of 1.5 Gb/s was achieved by employing OOK modulation. Furthermore, various pulse position modulation (PPM) schemes have been introduced into VLC systems for achieving different design objectives [49] - [51] , where the basic concept is to map the modulated signal into 2 M legitimate time-slots for M-ary PPM. Another bandwidth-efficient baseband modulation technique is constituted by pulse amplitude modulation (PAM) [34] , which was also invoked and evaluated in VLC systems [25] , [53] . However, the signals modulated by multiple intensity levels may suffer from nonlinear distortions due to the LEDs intensity-dependent luminous efficacy [13] . On the other hand, in order to provide high data rates, multiplecarrier techniques have also been applied in VLC systems, such as the quadrature amplitude modulation (QAM)-based discrete multitone (DMT) transmission technique [25] .
Apart from the widely known modulation schemes, some unique modulation techniques have also been developed for VLC systems, including colour shift keying (CSK) [54] - [57] , generalized colour modulation (GCM) [58] , [59] , optical orthogonal frequency division multiplexing (OOFDM) [60] - [64] , etc. Explicitly, the CSK scheme using multi-chip LEDs was standardized in the IEEE 802.15.7 recommendation [65] , which may be a potential modulation scheme for future VLC systems, although it relies [56] investigated an uncoded M-CSK scheme relying on a joint maximum likelihood hard-detection based VLC system, where both simulation-based and analytical bit-error-rate (BER) results were derived. By contrast, a colour-independent GCM scheme was proposed in [58] , which had the advantages of flicker-free operation, accurate dimming control and the ability to function independently of the number of LEDs at the transmitter or the PDs at the receiver [59] . Moreover, there are three popular types of OOFDM proposed for VLC systems, i.e., asymmetrically clipped OOFDM (ACO-OFDM) [60] , [66] , DC biased OOFDM (DCO-OFDM) [61] , [67] as well as unipolar OFDM (U-OFDM) [62] . The milestones of popular modulation schemes employed in VLC systems are summarized in the timeline of Table VII . Furthermore, the advantages and disadvantages of the major modulation schemes are listed in Table VI .
2) Dimming Control and Flicker Mitigation:
According to [31] , different levels of illuminance are required in different scenarios. Owing to the fact that an LED can be dimmed to an arbitrary level, integrating dimming control into VLC systems is required for the sake of saving energy [47] . The light should be dimmable arbitrarily in VLC systems, without the communications becoming interrupted, which means that the data should be modulated in such a way that any desired level of dimming is supported [14] . Numerous valuable modulation schemes supporting dimming control have been proposed for the LEDs, such as the variable OOK [47] , [71] , variable PPM [72] , pulse width modulation with DMT [73] , etc.
When the light intensity changes, it should be flickering above the human eyes' fusion frequency, so that the human eye cannot perceive it. Otherwise, serious physiological problems may be caused. Hence, the speed of the changes in light intensity, termed as flickering, should be carefully considered when designing modulation schemes for VLC systems. As suggested by the IEEE standard [65] , flickering faster than 200 Hz can avoid harmful effects to the human eye. In order to mitigate slow flickering, run length limited codes [47] have been incorporated into the VLC modulation schemes for avoiding long runs of 0s and 1s, which is believed to be the most common reason of slow flickering.
III. VLC NETWORKS
Beyond point-to-point links, VLC is also considered as a new member in the small-cell family of the HetNets landscape for complementing the overloaded RF band [21] . In this section, the layout of the visible-light-aided networks is investigated, ranging from a regular network-centric cell-layout associated with different frequency reuse (FR) patterns to the radically new user-centric (UC) cluster formation employing advanced transmission schemes. Furthermore, the family of multiuser techniques such as multiuser signal processing, scheduling and resource management are reviewed.
A. Network-Centric Optical Attocells
In a typical VLC down-link (DL) network, each optical access point (AP) illuminates only a small confined cell, as shown in Figure 5 . The coverage of the single-AP optical cell is usually limited to room-size (∼m) and it is considerably smaller than the coverage of the traditional RF cells (∼km), which is referred to as an optical attocell [74] , where atto means 10 −18 in physics and mathematics. The concept of optical attocells is borrowed from the RF attocell, which was originally announced by the company Ubiquisys to represent the personal femtocell in 2011. Considering a specific optical attocell, its coverage is dependent both on the illumination requirements as well as on the FoV of the VLC receivers. Relying on these optical attocells, the indoor VLC network may be operated by assuming the full functionality of a RF cellular DL system. Note that the optical attocell is Fig. 6 . A novel VLC AP arrangement was advocated in [77] , where 12 LED lamps constitute a circle and 4 LED lamps are placed in the corners, which are referred to here as the circular-LED arrangement and corner-LED arrangement, respectively. merely limited to the single-AP optical cell and we focus on the downlink transmission in the discussion of this section.
When there are multiple optical attocells in a VLC network, the inter-cell interference (ICI) imposed both by the LoS ray as well as by the non-LoS (NLoS) links has to be carefully treated, since the performance may become dramatically degraded at the cell edge due to ICI [75] . This degradation itself both in terms of the signal-to-interference-plus-noise ratio (SINR), the BER, the bandwidth efficiency, etc. and consequently vertical handovers may be frequently activated in VLC-based HetNets. In order to reduce the effect of the ICI and to improve the performance, valuable research has been dedicated to
• the initial design of the optical APs deployment [77] - [79] , • the frequency planning within the optical spectrum available [80] - [83] , as well as • the cell coordination between the multiple neighbouring optical attocells [84] , [85] .
1) Novel Design of VLC AP Arrangements:
To elaborate a little further, the ICI avoidance methods were considered at the preliminary design stage of the entire VLC-network design cycle by the authors of [77] - [79] and [82] . A novel VLC AP arrangement was advocated in [77] , where 12 LEDs constitute a circle and 4 LEDs are placed in the corners, which are referred to here as the circular-LED arrangement and corner-LED arrangement, respectively, as shown in Figure 6 . Compared to the arrangement of [30] , where a single LED lamp is placed in the centre of the ceiling illuminating the entire room with the same total emitted optical power as in Figure 6 , the arrangement proposed in [77] provides a much lower variance of the received signal-to-noise ratio (SNR) and of the received power at different locations in the room. Furthermore, the radius of the circle constituted by the circular-LED arrangement may be optimized according to the receivers' specific locations as well as to the various layouts of the room considered. The optimization problem of the LED-lamp placement was also formulated and solved in [78] for the sake of maximising the average area spectral efficiency [bits/s/Hz/m 2 ] [86] . Upon studying the optimum layout of two LED lamps with different FoV of the receiver, they found that the average area spectral efficiency is degraded, when imposing the classic lighting requirements on the communication performance maximization problem. Moreover, instead of optimizing the placement of the LED lamps, Guan et al. [79] investigated two LED deployment schemes, i.e., the single-LED-based deployment scheme and the array-LED-based deployment scheme. They used the classic particle swarm optimization algorithm, in order to minimize the average outage area. Both of their proposed schemes are superior to the conventional random deployment scheme.
2) Non-Unity Frequency Reuse: Similar to the traditional cellular design principles, FR constitutes an appealingly simple solution for ICI mitigation. Figure 7a and Figure 7b show the neighboring optical attocells employing a unity frequency reuse (UFR) and a FR factor of two (FR-2), respectively. Similarly to classic RF cells, it is plausible that the ICI-infested areas are reduced, when a non-unity FR factor is used. Since the first-tier neighboring cells contribute most of the ICI, while the second-tier cells generally have a negligible influence, using FR-2 strikes an attractive tradeoff in terms of providing an adequate SINR at the cell edge, unless the receiver's FoV is extremely wide or there is a large cell overlap. Marsh and Kahn [80] contributed one of the early studies investigating FR schemes conceived for optical communications, where an indoor infrared wireless communication system employing fixed-channel reuse for optical base stations was examined. In contrast to the static FR planning scheme, the resources are dynamically reused relying on a self-organizing allocation mechanism in [81] and a scalable orthogonal frequencydivision multiplexing access (OFDMA)-based VLC system is proposed in [82] . More recently, the Chen et al. [83] designed a pair of fractional FR schemes for the DCO-OFDM-based optical attocell based networks, where strict fractional FR and soft FR were employed. However, although FR planning is an effective solution, the system has to obey the classic trade-off between having reduced bandwidth efficiency and an improved SINR. Furthermore, an inherent disadvantage of FR is that switching between optical frequencies every few meters degrades the user experience [21] .
3) Advanced Transmission Scheme: On the other hand, advanced cooperative transmission by multiple LEDs may be conceived by relying on the elegant time-of-arrival synchronization advocated in [84] , where multiple LEDs transmit simultaneously to the same receiver. In [85] , three modulation techniques, namely OOK, PPM and pulse width modulation, were employed in the neighbouring optical cells and this scheme was expected to achieve a data rate of 71 Mb/s, whilst providing seamless coverage. More recently, the philosophy of combined transmission (CT) techniques was employed in multiuser VLC networks in [75] and a similar concept termed as a joint transmission scheme was introduced in [87] . In this arrangement, each individual VLC AP of a multi-AP cell conveys the same information on the same visible carrier frequency in their overlapping areas. Figure 7c shows a pair of merged 2-AP cells (AB and CD) employing CT (CT-2). Thus the ICI encountered in the overlapping coverage areas of cell A and cell B (or cell C and cell D) turns into desired signal and the SINR is significantly improved at the cell edge compared to the regular UFR transmission scheme. Although the SINR is indeed enhanced, CT results in a reduced bandwidth efficiency, since only a single user is served at any instant by several APs in the overlapping area within a merged cell. In order to eliminate the bandwidth efficiency reduction imposed by CT, multiuser vectored transmission (VT) techniques were introduced [21] , [75] in the context of merged multi-AP cells, where multiple UEs are supported at the same time. As an example, observe in Figure 7d that the merged 2-AP cell (VT-2) can simultaneously serve two UEs like a (2 × 2)-element multi-input multi-output (MIMO) system by employing VT techniques.
4) Bandwidth Efficiency:
To gain further quantitative insights, Figure 8 illustrates the bandwidth efficiency surface of both optical single-AP attocells using different FR patterns as well as that of merged multi-AP VLC cell formations using advanced transmission techniques. The classic bandwidth efficiency η is calculated as
where ξ denotes the received SINR, while accounts for the resource-efficiency reduction of CT. 3 The achievable data rate is given by B · η, where B denotes the bandwidth. Our simulation parameters characterizing the VLC APs are summarized in TABLE IV. Compared to UFR characterized in Figure 8a , FR-2 substantially reduces the ICI-contaminated areas, hence significantly increasing the area spectral efficiency (ASE), as shown in Figure 9a . The merged 2-AP cells seen in Figure 8c and Figure 8d also improve the ASE 3 In Figure 8c , is given by
where D s and D mc denote the area of the shaded areas within the merged 2-AP cell and the total area of the merged cell, respectively. compared to UFR, as suggested in Figure 9a . However, neither CT-2 nor VT-2 constitutes an attractive solution for our simulation configuration, since FR-2 is capable of supporting an increased bandwidth efficiency at a reduced implementational complexity. 4 By contrast, when combining more VLC APs into a single cell, a substantial ASE improvements can be achieved with the aid of VT, as shown both in Figure 8e -8f as well as in Figure 9a . Furthermore, Figure 9b -9d exhibit the communication coverage holes of the UFR, FR-2 and VT-16 schemes, respectively. During mobility, the smaller the area of coverage holes, the lower the dropping probability becomes. Compared to the UFR scheme characterized in Figure 9b , both the FR-2 and the VT-16 schemes are capable of reducing the area of coverage holes, but VT-16 supports a higher bandwidth efficiency than FR-2. It is plausible that if a total of 64 VLC APs are merged into a single 64-AP cell employing the VT-64 scheme, there will be no coverage holes in the middle of the room. However, this is achieved at an increased signal processing cost. The milestones of the ICI mitigation schemes in VLC systems are summarized in the timeline of Table VIII. The advantages and disadvantages of different ICI mitigation schemes are listed in Table IX . Broadly speaking, most techniques conceived for ICI avoidance and performance improvement in VLC networks were designed from a networkcentric perspective, where fixed-shape regular optical attocells were investigated. By contrast, the amorphous user-specific cluster formation philosophy exemplified in Figure 12 is designed from the user-centric perspective discussed in the next subsection.
Remarks: In order to provide a comprehensive practical guidance considering the performance of the general VLC network, the statistics of the achievable SINR may be derived. Similar to the conventional RF cellular networks, the SINR statistics are deemed to be an important metric for characterising the service quality [91] , in terms of coverage/outage probability, data rate, etc. For example, the coverage probability/cell boundary of the optical cell may be defined as
, which is the probability that a randomly chosen user can achieve a target SINR T or the average fraction of the network area that has adequate "coverage" at any time [92] . The achievable SINR is influenced by various issues, for instance, the available output signal power, the channel characteristics, etc. One of the most important factors is the deployment model of the optical APs. Using an appropriate model is essential for deriving analytically tractable expressions for the SINR statistics. A practical approach is to place the optical APs on a hexagonal or a square lattice [2] . For conventional RF base stations, the so-called Manhattan model based on a regular grid has been used, but it may be too idealized and inaccurate for the heterogeneous and ad hoc deployments, where the cell radii vary considerably due to differences in transmission power, tower height and user density [92] . Hence, another widely-used approach is to model the location of the RF base stations as Poisson point process [92] . Following the work in [92] , Chen et al. [91] derived the analytical expressions for the SINR statistics of DCO-OFDM-aided VLC networks by employing the hexagonal and the Poisson point process based random AP distribution. As also suggested in [91] , both of the above-mentioned two extreme cell deployments would be impractical, since they may require extra engineering work to redesign the lighting infrastructure. Therefore, the models adopted from RF cellular networks may be used to provide an upper and lower bound, respectively, for the SINR performance of other potential optical cell deployments in practice. Our analysis in this paper relies on a fixed optical AP deployment, which can be readily employed when considering different optical AP arrangements.
B. User-Centric Cluster Formation
Against the above-mentioned network-centric design philosophy, a UC cluster formation regime is proposed and studied in [21] , [88] - [90] , and [93] - [95] as a beneficial counterpart of the existing network-centric cells. By definition, UC design is different from the network-centric design, where the network configuration is fixed, regardless of the tele-traffic. To elaborate a little further, the user-centric cluster formation in VLC networks may be reminiscent of the user-centric base station clustering technique for achieving coordinated multipoint transmission in conventional RF networks. For example, the user-centric design philosophy has been employed to form the radio-remote-head/user cluster for supporting the cloud radio [101] . By contrast, the conventional network-centric cell structure may be interpreted as a less sophisticated clustering technique, where the network is partitioned into non-overlapping clusters. Hence the cluster-edge users of the conventional network-centric philosophy suffer from high inter-cluster interference. First the so-called combined transmission (CT) technique is employed in each UC cluster, where multiple APs jointly convey the same information mapped to the same visible carrier frequency, while serving a single UE at a time. Considering the example seen in Figure 12 , each hollow square and multiple APs (sometimes a single AP) constitute a UC cluster. When multiple UEs can receive data from the same AP, only one of them can be granted access for the sake of avoiding extra interference, as discussed in [94] . For example, the solid square on the bottom right of Figure 12 and the other two neighbouring hollow squares can receive information from the same APs, while the solid square is not scheduled during the current slot. Its potential cluster is surrounded by a dashed ellipse. All the disjoint groups seen in Figure 12 are scheduled in a parallel manner upon using the scheduling algorithm of [94] .
In order to further improve the bandwidth efficiency and serve multiple UEs at the same time, the so called vectored transmission (VT)-aided UC cluster formation philosophy was proposed in [21] and [88] , where each user-centric-vectoredtransmission-aided (UC-VT) cluster is served by a set of VLC APs, which simultaneously serve multiple UEs by employing VT. An example of two APs serving two UEs by using VT will be shown and discussed in the context of Figure 7d . More explicitly, a UC-VT cluster includes a set of APs and UEs as well as the transmission links between them. The concept of cluster formation is different from the concept of cell formation. Explicitly, the former may be defined as forming a UC cluster, where a set of VLC APs simultaneously serve multiple users by employing the advanced VT scheme of [75] . However, the concept of cell formation is more conventional, which may be defined as combining several optical APs to form a large multi-AP cell and to transmit data cooperatively, as shown in Figure 7c . Figure 11 portrays the conventional cell formation structure (left) and the amorphous UC cluster formation (right) for a 15m×15m indoor VLC system having 8×8 APs (marked by squares) and 20 UEs (marked by circles) under three typical scenarios, where the UEs' positions are drawn from a uniform random distribution. Conventional cells typically have a fixed shape. For example, we may partition the 15m×15m indoor environment into four square-shaped cells having (4×4) = 16 APs per cell, where the users are associated with cells depending on the UEs' positions relative to the square-shaped boundary amongst the cells. We may switch off the communications function of the specific APs having no LoS links to the Fig. 11 . Illustration of the conventional (left) and the amorphous structure (right) for VLC indoor systems [89] . users in their vicinity (indicated by hollow small squares), in order to improve the energy efficiency. The related examples may be seen in the left of Figure 11 . Note that the number of APs per cell may be pre-set as any feasible number.
Observe from the left subfigures of Figure 11 that this arrangement may not be the most appropriate one. For example, in the bottom-left corner of cell of Figure 11a , the 'boundary UE' 'A' is clearly far from UE 'C' in the same cell, but it is more close to UE 'B' in the neighbouring cell. This is good reason for UE 'A' to be separated from user 'C' and to join UE 'B', as seen in Figure 11b of the distancebased UC cluster. This is also true for the 'boundary UE' 'D' in Figure 11a , since it is more close to the UEs located in the bottom-right cell, than to the rest of the distant UEs in the same cell. More examples are shown in Figure 11c , where two clusters of boundary users -namely those highlighted by ellipses -join the UC clusters of Figure 11d . In addition to a different UE-to-AP association, the status of APs is also different, where for example, APs ('a','b','c') were switched from idle mode in the conventional cells of Figure 11a to active mode in the UC clusters of Figure 11b , since they have LoS connections to the associated UEs. Hence, the proposed UC cluster formation is capable of rearranging the conventional boundaries, leading to five and three AP-UE clusters in Figure 11d and Figure 11f , whilst in Figure 11b there are four clusters. Hence, without a dynamic cell boundary, the UC cluster formation is updated to include the users moving in, arriving at or departing from the system, which leads to a flexible, "breathing" and evolving cell structure.
n example of the UC design principle is shown in Figure 12 [90] . The UEs' location information is assumed to be accurately acquired, which is also an ongoing research topic in the context of VLC networks [102] . Thus the mutual distances d u,u between any pair of UEs as well as the mutual distances d a,u between any AP-UE pair may be calculated. In order to control the size of the UC clusters, the distance constraints are pre-set as d μ for the UEs and d α for the APs within a single cluster. In other words, the distance between the UE and its cluster centre is no more than d μ and the distance between the AP and its cluster centre is no more than d α . Let us now consider the UC cluster formation step by step.
Step 1) Initial UE selection: During this step, a UE is randomly selected as the starting point for constructing a tentative single-UE subset as part of the new cluster, as shown in Fig. 12a .
Step 2) Tentative UE-set expansion: The initial tentative UE set in Step 1 is expanded by including the nearby UEs within a certain range d μ , as seen in Fig. 12a . The centre of the tentative UE set should be updated by averaging the locations of all UEs in it, as shown in Fig. 12b . The expansion step should not stop until no more UEs are found in the proximity of the tentative UE subset.
Step 3) UE set formation: Following Step III-B, the UE subset is deemed to be determined. Upon repeating Step 1 and 2, all the UE subsets have been constructed, as shown in Fig. 12c .
Step 4) Anchor AP selection: In order to guarantee that the number of APs is no less than the number of UEs within each UC cluster, each UE first finds its closest AP denoted by AP. If more than one UEs select the same anchor AP, this AP selects its closest UE and the other UEs have to select their next nearest APs, until each UE has successfully selected a unique anchor AP.
Step 5) Tentative AP-set adjustment: During this adjustment step, each tentative AP set is expanded first by including the nearby idle APs within a certain range d α . After gradually expanding all the tentative AP sets, if a specific AP was included in several tentative AP sets, then this AP is set to its idle mode, which is shown as the solid triangle in Fig. 12e . This measure is taken for the sake of avoiding any extra interference as well as for saving energy. Thus, after the process of exclusive assignment based expansion, all tentative AP subsets are determined.
Step 6) UC cluster formation: Upon combining the corresponding AP subset and UE subset, the UC clusters are finally constructed, as shown in Fig. 12f . Steps of UC cluster formation [90] . The subfigures (a)-(c) illustrate the formation of the UE set for a specific UC cluster. (d) and (e) show the formation of the AP set for an example UC cluster, where a UE is connected by a short line with its anchor AP. Note that these steps are carried out after all UE sets are formed. In (f), multiple UC clusters are finally constructed. Note that the area of the closed irregular shapes do not represent the coverage of each cluster and the inter-cluster interference is not illustrated.
Following the novel UC design principle, Li et al. [88] studied a joint UC cluster formation and multiuser scheduling problem and proposed a low-complexity greedy algorithm for solving this essential issue in multiuser networks. On the other hand, [89] focused on the energy efficiency of the hitherto unexplored UC-VLC networks, despite the fact that most of the VLC research aimed for increasing the attainable throughput. Furthermore, the application of the UC-VLC networks was further explored in [90] and [95] . Explicitly, a combined triangulation-based and fingerprinting-based positioning technique was proposed for UC-VLC networks in [95] , which is capable of achieving a high positioning accuracy at an appealingly low complexity. In [90] , an energy-efficient indoor VLC system relying on dynamic UC cluster formation was designed for scalable video streaming, in order to further realize the energy efficiency potential of VLC.
C. Multiuser Signal Processing
In order to support multiple UEs simultaneously, multiuser signal processing techniques have to be invoked for UC cluster formation. Let us hence embark on a brief review of the multiuser signal processing techniques proposed for VLC systems.
Multiple input multiple output (MIMO) systems are capable of offering an increased data rate compared to the single input single output (SISO) systems. Hence, the research of advanced MIMO transmission techniques has also been intensified in the optical domain [102] - [114] . In particular, Wilson et al. [103] and Tsiftsis et al. [104] investigated the free-space optical MIMO systems equipped with multiple lasers and PDs, while the treatises [105] - [109] are based on VLC systems. Explicitly, Zeng et al. [105] studied and compared the nonimaging and imaging MIMO techniques, 5 which provided deep insights concerning optical MIMO systems. An experimental 2 × 2 imaging-based MIMO system was reported in [106] , but the illumination requirements were not given any cognisance. In addition, a MIMO system using an imaging receiver relying on a hemispherical lens was designed and analysed in [107] for improving the spatial diversity order. Relying on the wide FoV achieved by using the hemispherical 5 In a conventional non-imaging MIMO system, each of the multiple LED transmitters conveys an independent data stream simultaneously and an individual non-imaging optical concentrator is used by each receiver, where the desired signal, delayed multipath components, ambient light noise, and cochannel interference are combined into a single electrical signal. By contrast, in an imaging MIMO system, light propagates from each LED as before, but is projected onto a detector array [115] . The projected images may activate a single pixel or a group of pixels on the array, where each pixel of the detector array represents a receiver [105] . lens, the optical signals received are effectively separated. Hence, the correlations between the elements of the channel matrix are relatively low, which provides a beneficial spatial diversity gain for the efficient decoding of the signal in a MIMO system. Furthermore, Azhar et al. [108] were the first authors, who demonstrated a MIMO-OFDM-based imaging receiver, which achieved a transmission rate of 220 Mbits/s. Then they improved the attainable system performance by optimizing the pre-equalization weight of each carrier, where a transmission rate of 1 Gb/s was achieved experimentally by a MIMO system, as reported in [109] .
In contrast to the above single-user MIMO systems, the family of multiuser multiple-input-single-output (MU-MISO) techniques designed for VLC systems has also attracted much attention [102] , [110] - [114] . In [110] , a transmit precoding and biasing scheme was designed for the transmitter of a MU-MISO broadcast system, where both the classic linear ZF and ZF dirty paper coding techniques were applied and evaluated. In addition, Li et al. [111] designed the optimal MU-MISO transceiver for VLC systems relying on the objective function of minimizing the maximum mean square error between the legitimate transmitted and received signals of the users. They have also considered the unique constraints of VLC systems, such as the real-valued nonnegative nature of the optical signal, the maximum tolerable optical intensity, and the constant brightness requirements of the LEDs. Recently, Shen et al. [114] optimized the achievable data rate of the VLC DL in a ZF-beamforming-aided MU-MISO system.
Furthermore, Biagi et al. [112] proposed a hybrid localization, access and transmission (LAT) solution for VLC networks by employing the so-called MIMO-LED scheme and the PPM modulation, which was capable of increasing the transmission rate without additional signal degradation. As a further advance Biagi et al. [102] extended the LAT scheme to the localizing, accessing, scheduling and transmitting (LAST) scheme for their MIMO-VLC system and improved the data rate, when the number of users was increased. This was achieved by adaptively allocating communication frequency bands to multiple users and hence attaining a beneficial diversity gain in the frequency domain. Furthermore, Wang et al. [113] investigated the multiuser MIMO-OFDM (MU-MIMO-OFDM) based VLC system, where the multiuser interference was eliminated by designing a precoding matrix individually handling each OFDM subcarrier. Different optical-OFDM schemes, namely the DCO-OFDM scheme associated with the minimum DC bias and the unified DC bias as well as the ACO-OFDM scheme, were also studied and compared in [113] .
D. Multiuser Scheduling and Resource Management
When multiple UEs are present in the VLC system, fair and efficient multiuser scheduling (MUS) and resource management constitutes one of the salient problems, which in fact affects all multiuser networks. The problem has been lavishly studied in the context of RF networks [116] - [119] , but in VLC-based networks the problem has remained to a large extent hitherto unexplored in the open literature. Nonetheless, recently some valuable studies were disseminated in the context of network-centric single-AP VLC cells [102] , [114] , [120] - [126] .
In particular, Bykhovsky and Arnon [120] proposed a heuristic scheme for beneficially allocating sub-carriers in a VLC multiple access system relying on DMT modulation, in order to improve the aggregate throughput. Again, the logical frame work referred to as LAST and proposed by Biagi et al. for VLC systems was capable of achieving a substantial throughput at a modest complexity. However, similar to most of the literature studying resource allocation in VLC-based systems, both [102] and [120] endeavoured to improve the attainable throughput without giving any cognisance to the fairness experienced by the UEs. By taking fairness into account, Huang et al. [121] proposed an incremental scheduling scheme, where the global scheduling phase is responsible for assigning the resources to the UEs, while the local scheduling phase regularly adjusts the resource allocation by tracking the UEs' movements. Since the VLC APs are sending beacon frames periodically, the users can send a response message whether they have received the beacons. Then the scheduler can find the moving users according to the feedback information. Furthermore, Babatundi et al. [122] proposed a proportional fairness based scheduling algorithm for a centrally controlled VLC system, which outperformed the maximum-rate scheduling policy in terms of balancing the achievable throughput against the fairness experienced by the UEs.
Additionally, compared to RF communications, VLC has some unique features, which should be carefully treated. Specifically, blocking is one of the most significant physical characteristics of VLC. Kim et al. [123] proposed three resource-allocation-based service modes for the VLC DL, in order to maintain both a high system throughput as well as satisfying the lighting requirements. Moreover, considering the nonnegativity of the intensity-modulated signals as another distinguishing feature of VLC, Park et al. [124] designed an optical MIMO system and proposed an optical power allocation scheme for the sake of maximizing the system's spectral efficiency. Furthermore, the non-orthogonal multiple access (NOMA) concept was also introduced into the VLC DL in order to increase the achievable throughput [125] , where a novel power allocation strategy relying on the users' channel conditions was also proposed. According to [125] , both the specific transmission angles of the LEDs and the receiver's particular FoV may be beneficially exploited to boost the attainable NOMA performance. As a further advance, another basic characteristic of the LEDs related to the particular colour perceived by the human eye, namely the chromaticity, was considered by Jiang et al. [126] as one of the constraints imposed on the sum-rate maximization problem, along with the constraints on the luminance, signal amplitude as well as on the target BER. Explicitly, in order to maximize the sumrate of their MU-MISO VLC system relying on multi-chip LEDs, an electrical and optical power allocation scheme subject to the above-mentioned four constraints was proposed and evaluated [126] .
IV. APPLICATIONS AND EXTENSIONS OF VLC
As a promising complimentary extension to the wellestablished RF networks, VLC is becoming a promising enabler for providing indoor coverage, owing to its energyefficient nature, whilst simultaneously supporting both communications and illumination. In this section, we focus our attention on the application of VLC-based systems, including VLC-based HetNets, video streaming as well as its broader extension to the IoT.
A. VLC-Aided Heterogeneous Networks
In order to support the rapidly increasing demand improved wireless data rates, as shown in Figure 1 , both industry and academia are dedicated to seeking effective solutions, since we are practically approaching the theoretical limit of the RF channel capacity [127] . Exploiting new spectral bands may be expected to be one of the radical solutions, such as for example the millimeter-wave [4] and the optical wireless/VLC band [1] . In this paper, we focus our attention on the family of VLC systems, which is deemed to be a promising complementary extension to the well-established indoor RF networks. On the other hand, a stand-alone VLC system may exhibit several potential disadvantages, such as the lack of up-link transmission, poor performance in NLoS scenarios and small coverage for a single VLC AP. Hence, its RF counterpart may be invoked as a cooperative 'partner' in order to realize seamless communications. Although this integration may be an effective solution for satisfying the increasing throughput demand, there are some open challenges, such as for example the conception of cooperative load balancing and of efficient handovers.
1) Load Balancing:
The concept of load balancing (LB) is interpreted in [128] as matching the demand for resources ('load') with the supply of resources ('capacity'), which constitutes one of the fundamental problems in many fields of engineering, logistics and economics. Moreover, the LB problem also affects all cooperative multi-rate HetNets. Substantial related work has been undertaken based on the LB problem in RF networks [3] , [129] - [135] . In particular, Andrews et al. [128] investigated diverse technical approaches to the LB problems of HetNes and furthermore provided valuable design guidelines for OFDMA-based cellular systems. As also suggested in [128] , the primary approaches included centralized optimization, game theory, Markov decision processes and the family of cell range expansion techniques.
Broadly speaking, the LB problem can be formulated as the constrained optimization of a carefully selected utility function [136] , while satisfying the users' quality of service (QoS) requirements, which may be written as the generic optimization problem formulated below:
where x ∈ R n is the independent variable and U 0 is the selected utility function. Furthermore, f c i is the ith cost function and C i is the corresponding ith AP/network resource limit, while f t j denotes the jth UEs achievable data throughput and T j corresponds to its throughput requirement. If (14)- (16) are all convex, 6 the problem is a convex optimization problem [136] . However, due to the coupled relationship between the user association and scheduling, the problem of (14)- (16) is usually NP-hard and may not be directly computable in a centralized manner. Since the subject of convex optimization has been widely studied [137] , [138] , a straightforward way is to relax the optimization problem (14)- (16) and make it convex. For example, with the aid of the classic dual decomposition approach, Ismail and Zhuang [134] developed a distributed resource allocation algorithm for the UEs associated with multi-homing capability in HetNets. Furthermore, by using the dual decomposition approach, Ye et al. [135] proposed a low-complexity near-optimal algorithm for the essential user association and LB problem after relaxing the binary variable.
The study of the LB problem in VLC-aided HetNets has intensified in recent years [75] , [76] , [139] - [143] . Specifically, in order to achieve accurate load balancing in sophisticated three-tier HetNets, which were constituted by the RF macrocells and femtocells as well as by the indoor optical attocells, Stefan and Haas [139] proposed a minimum-distance-based cell association scheme and showed that the average area spectral efficiency of the VLC-based HetNets was significantly increased compared to that of the stand-alone RF networks. Furthermore, the above-mentioned classic dual decomposition approach has also been invoked for solving the LB problems in VLC-aided HetNets [75] , [76] , [140] . Explicitly, Jin et al. [140] proposed a resource allocation scheme for a hybrid VLC/femtocell network under delay requirements and evaluated it by considering various unique characteristics of the VLC-based system. Furthermore, a cooperative LB solution was proposed for a hybrid VLC/WiFi system by Li et al. [75] , where different VLC cell formations were considered. As a further advance, Wang and Haas [76] considered the users' mobility and proposed a dynamic LB scheme for hybrid VLC/RF HetNets.
2) Efficient Handover: When considering a mobile user coming in a hybrid VLC/RF network, it may experience a high QoS in the centre of the VLC AP, while the QoS will be dramatically degraded, when it moves to the cell edge or when the LoS transmission is blocked. In this scenario, vertical handover (VHO) to the over-sailing RF cell should be invoked to maintain a smooth service quality. On the other hand, a VHO also occurs, when a RF user receives a stronger VLC signal and thus changes its connection from RF to VLC. Apart from the VHO, when the VLC APs are densely deployed, a user may experience several horizontal handovers between different VLC APs within a few dozen of metres.
Similarly to the existing RF-based HetNets, there are some potential problems, when invoking handovers in hybrid RF/VLC networks. Let us consider a user switching its connection from VLC to RF. When a new user arrives, the load of the RF AP is increased and the resources should be reallocated. Consequently, some of the existing users served by this RF AP only granted a reduced data throughput, while others may be assigned to the VLC network or to another RF AP. Conversely, in the specific VLC AP, where a user terminates his/her session, more resources become available for enhancing the QoS of its users. This is referred to as the knock-on handover effect [144] . Another problem is caused by transient LoS link blockages, which results in the user switching back and forth between the RF and VLC networks, hence increasing the system's signalling overhead. This is the so-called pingpong effect [145] . In order to mitigate the adverse effects of frequent handovers, efficient handover techniques are essential for the success of VLC-based HetNets.
Although there is plenty of valuable research on handovers in RF networks [145] - [147] , handover techniques conveived for VLC-based HetNets have remained to a large extent hitherto unexplored. In [148] , the horizontal handovers between multiple VLC APs were studied in both non-overlapping spotlighting and in overlapping uniform lighting scenarios. Rahaim et al. [149] investigated the VHO criteria of a hybrid VLC/wireless fidelity (WiFi) network in order to improve both the service quality and the total throughput. As a further development, Liang et al. [150] proposed an advanced VHO algorithm relying on the prediction of transfer delay in a hybrid VLC/LTE system, which may be determined by service interruption duration, message size, access delay, etc. Wang and Haas [76] optimized the LB by taking into account the handover signalling overhead of a hybrid VLC/WiFi system. Furthermore, the classic decision-making algorithms, such as the fuzzy-logic decision making approach [151] as well as the Markov decision process [152] , were also introduced into VLC-based HetNets for designing effective handover schemes. In particular, Hou and O'Brien [151] proposed a fuzzy-logic-based VHO algorithm by jointly considering a pair of VHO techniques. Specifically, for their immediate handover scheme, there is no dwell time and the VHO is immediately triggered when the optical channel is interrupted. By contrast, for their dwell-based handover scheme, the dwell time is set to the maximum tolerable duration of a short service interruption, after which the VHO will be triggered. Moreover, Wang et al. [152] formulated the VHO problem as a Markov decision process and solved it in a dynamic manner in a VLC/RF system at a low signalling cost without any obvious system performance degradation.
B. Video Streaming
According to the global mobile data traffic statistics recently released by Cisco [7] , video streaming is and will continue to be the most dominant form of tele-traffic, which will account for three quarters of all tele-traffic in 2021, as seen in Figure 1 . As one of the 'killer'-applications in contemporary wireless communications systems [153] - [155] , video streaming has become a popular research topic, including efficient compression standards [156] - [158] , error-concealment/error-resilient streaming techniques [154] , [159] , [160] , as well as reliable transmission schemes [161] - [163] , etc.
1) Conventional Video Coding:
Owing to its high data rate potential and its inherent energy efficiency, VLC may be expected to become an additional promising enabler for video transmission. Insightful research has been dedicated to video streaming in VLC-based systems [155] , [164] - [167] . Explicitly, Vučić et al. introduced a VLC prototype, which successfully transmitted three high-definition video streams in a parallel manner, while Rufo et al. [165] characterized the impact of specific illumination levels on their video transmission scheme relying on their VLC prototype system. A VLC system achieving a video transmission rate of 10 Mb/s over a short link was presented by Chen et al. [166] . Furthermore, a VLC-based audio/video system, which was capable of providing real-time interaction and simultaneous availability of both video and audio was reported in [167] . In order to minimize the video distortion, a novel multiuser video streaming optimization framework was conceived for efficient video delivery by Jiang et al. [155] , while considering various VLC cell formations. Finally, they also provided design guidelines for improving the overall video quality of VLC-based video streaming systems.
2) Scalable Video Coding: In order to meet the requirements of the various transmission scenarios in the era of the Internet and of mobile networks, the advanced scalable extension of the so-called high-efficiency video coding (SHVC) techniques [158] has emerged and gained popularity, as a benefit of its scalable nature. Explicitly, this scheme is capable of offering diverse visual qualities by promptly adapting to the time-variant channel conditions of different UEs. The SHVC-based layered video stream is constituted by multiple unequal-importance layers, which are generated by using carefully designed source codes [168] , [169] as well as adaptive modulation and channel coding schemes [170] , [171] . According to [172] , if a carefully constructed subsets of the original video sequence may lead to video reconstruction either at a reduced picture size or at a reduced frame rate compared to the original one, then this video scheme is deemed to exhibit either spatial or temporal scalability, respectively. Another popular scalability mode is the so-called qualityscalability, where the subsets of bits may provide a reduced video fidelity. Explicitly, the fidelity is often represented in terms of the peak signal-to-noise ratio. As a further advance, the afore-mentioned modes of scalability may be supported by a single scalable video sequence.
The benefits of scalable video are multi-fold, amongst others, allowing for example the video decoder to progressively refine the reconstructed visual quality, as the channel-quality improves. The hierarchical structure of the video-stream also facilitates energy-efficient video communications by jointly considering the scalable video quality and the power consumption, as demonstrated for traditional RF networks in [163] , [173] , and [174] . However, there is a paucity of studies on scalable video transmission in VLC-based systems [90] , [175] . To fill this gap in the literature, Zhu et al. [175] conceived a CSK-aided unequal-errorprotection scheme for layered video streaming in a VLC DL system, which outperformed the traditional equal error protection scheme. Moreover, Li et al. [90] further explored the energy efficiency of UC-VLC networks and designed an efficient scalable video system relying on dynamic UC cluster formation by jointly considering both the video-related and the VLC-related characteristics. Again, the transmission of scalable videos in VLC-based networks has remained to a large extent hitherto unexplored.
C. Internet-of-Things
HetNets relying on a diverse spectrum allocation constitute an integral part of the IoT, where VLC provides a vast supply of unregulated spectrum and plays an important role. Let us now discuss two significant applications of VLC techniques in IoT scenarios, namely in indoor positioning and vehicular communications.
Location-aware technologies will revolutionize many aspects of the commercial and public services, as well as the military sectors, and are expected to spawn numerous unforeseen applications [176] . Although the global positioning system (GPS)-based outdoor localization has been widely utilized, the accuracy of the indoor localization techniques may not be satisfactory. Compared to the metre-level accuracy of the outdoor localization, the error range of the indoor environment should be much lower, since the area of the indoor environment is usually limited to dozens of square metres. The straightforward approach is to use low-cost WiFibased indoor localization [177] , but the achievable accuracy is low, on the order of 3-6 meters provided by the conventional WiFi-based localization approach. As a member of the indoor communication family, VLC is also expected to provide indoor localization services. It was shown in [178] that the number of LED lamps is usually more than that of the WiFi APs, which is a potential advantage of the triangulation based indoor localization technique. A practical VLC-based localization scheme was proposed in [178] , where the localization accuracy is around ∼0.4 m. Valuable research has also been undertaken related to VLC-based positioning in [95] and [179] - [185] .
Apart from the indoor localization applications, VLC techniques have also been employed in outdoor vehicle to vehicle (V2V) and vehicle to infrastructure (V2I) communication scenarios [17] , [186] - [193] . One of the most important applications of VLC-based vehicular communications is related to road traffic safety, where the traffic lights broadcast signals and approaching vehicles send hazard warnings. In these processes, the undesirable interference imposed by ambient light may not be negligible, as exemplified by street lights and the light emanating from the buildings. This problem was discussed in most of the relevant literature. On the other hand, the advantages of employing VLC for vehicular communications are multifold. Specifically, as a benefit of the self-positioning capability, the real-time information of neighboring vehicles is readily available for sharing and the drivers can adjust their driving conditions accordingly, which is capable of dramatically reducing the risk of collisions. Furthermore, LED lamps have already been routinely installed on vehicles, which reduces the extra cost of communications compared to deploying RF-based devices. [65] 
D. Standarization and Commecialization
As a viable commercial technology, the growing interest in the development of VLC is evidenced by the rich activities in academia, industry and standardization [194] By further considering the practical fleckering and dimming issues, the IEEE published the 802.15.7 standard in 2011 [65] for providing a global standard for short-range optical wireless communication using visible light. This standard considers three classes of VLC devices, i.e., the infrastructure, mobile, and vehicular device, and their features are listed in Table X . Each VLC device is comprised of a PHY layer, which contains the light transceiver along with its low-level control mechanism and a medium access control (MAC) sublayer that provides access to the physical channel for all types of transfers.Three PHY layer types are defined with the data rate ranging from 11.67 kb/s to 96 Mb/s and three MAC topologies are supported, i.e., star, peer-to-peer and broadcast topology. Although the IEEE 802.15.7 standard relies on diverse techniques, some of the latest technological developments in the field of VLC were not available when the standard was ratified. For example, OOFDM modulation methods have been widely studied and optimized for improving their data rates and energy efficiency [60] - [62] , which may be the inspiration for a new VLC standard.
With the rapid development of the VLC techniques, the commercialization activities of VLC have also been intensified. In 2010, St. Cloud signed a contract with LVX Minnesota for LED lighting solutions and became the first to commercially deploy VLC services [195] . In July 2011, Prof. Harald Haas presented a live demonstration, where high-definition video was transmitted from a LED lamp, as shown at the TEDGlobal [196] lecture. A promising application using VLC relies on indoor positioning [95] . In 2015, Philips collaborated with supermarket giant Carrefour to deliver VLC locationbased services to shoppers' smartphones in a supermarket in Lille, France [197] . However, the pervasive large-scale commercialization of VLC products will depend on the success of further engineering solutions as well as on their commercialization strategies [198] .
V. DESIGN GUIDELINES AND OPEN CHALLENGES
In this paper, we reviewed the characteristics of both point-to-point VLC transmission as well as of multiuser VLCaided networks, with a special emphasis on the radically new user-centric design philosophy. Compelling solutions to the salient problems of multiuser signal processing, scheduling and resource management have been surveyed. Furthermore, we also reviewed the applications of VLC systems as a valuable member of next-generation communication networks.
A. Design Guidelines
As explicitly shown in Figure 13 , taking the entire community's design goals into consideration, we distilled the design guidelines listed below:
• Both illumination and communication requirements should be considered, when designing the deployment of optical APs, where multi-objective optimisation functions may be formulated and Pareto optimality may be achieved. More practically, VLC networks may employ the existing lighting infrastructure and efficient transmission as well as resource allocation schemes can be designed for it. Remarks: As suggested in Section III-A4, the existing deployment model of RF base stations may also be considered for VLC networks on a smaller scale. Explicitly, the regular hexagonal/square grid arrangements are simple to implement and capable of offering uniform illumination. Compared to the hexagonal model, the square model may be more practical owing to its compliance with regular-shaped rooms. Furthermore, the widely-used Poisson point process based random RF network models may not constitute a practical approach for VLC systems, since the lighting infrastructure is seldom deployed in a random manner. In order to avoid having neighbouring APs extremely close to each other in a Poisson point process based network, the hard-core point process network studied in [91] may be considered as another practical solution for VLC AP deployment.
• From a network-centric perspective, according to Figure 8 and 9a, the FR regime is expected to be a simple and effective scheme conceived for reducing both the ICI and the coverage holes, when the throughput requirements are modest. If the desired throughput is increased, multi-AP cells employing VT schemes are recommended.
• For network-centric multi-AP cells, the specific number of APs within a single merged cell should be carefully selected, by considering both the desired QoS as well as the acceptable complexity.
• According to the investigations of [21] , [88] - [90] , and [93] - [95] the user-centric design philosophy is capable of offering a superior performance over that of the conventional networkcentric cell formations. Hence, we recommend the user-centric cluster formation for VLC systems.
• The integration of VLC and RF networks is essential, in order to achieve a seamless coverage, when the VLC DL cannot provide satisfactory QoS or if it is not available, for example owing to blocking. Hence, effective vertical handover schemes have to be used. Furthermore, since the up-link transmission may not be conveniently supported by stand-alone VLC systems, the up-link may have to rely on the classic RF network.
B. Open Challenges 1) Uplink:
Since the uplink transmission from the mobile devices relying on VLC may be wasteful in terms of its energy-consuming and may impose visual disturbances, most of the open literature focuses on the VLC DL transmission [75] . In order to solve this uplink problem, both RF- [149] and infra-red-based [165] techniques may be employed. Furthermore, WiFi has been ubiquitously rolled out in indoor environments, which is capable of providing convenient uplink transmissions for VLC-based HetNets. In the meantime, WiFi can also ensure a seamless coverage and an uninterrupted service, when the VLC channel is poor or blocked [76] .
2) Back-Haul: Apart from the up-link transmission, the provision of a high-speed, low delay back-haul is another important design issue in VLC-based HetNets. The popular approaches rely on power-line [199] , [200] and on fibre, respectively. Since power-line communication (PLC) uses the existing power-lines and the ubiquitous wires for communication, it may be readily employed. PLC fits in very well with VLC, as the data in the power line can be used to modulate LEDs directly [201] , [202] . The main challenges in PLC include high interference from appliances connected to the network, impedance and channel variations, non-white noise and phase changes [203] . It was suggests that a speed of 600 Mb/s is possible over power lines [204] . In addition to MIMO solutions, relaying techniques were also proposed [205] for integrating PLC with VLC. More explicitly, various integrated VLC and power-line communication systems were proposed and investigated in [206] - [209] . An alternative approach is the fibre-based system, but given the high-density deployment of LEDs, the fibre-based infrastructure may be deemed expensive. Hence, the most appropriate design of the VLC back-haul remains a challenging open problem to explore.
3) Blockage: Due to the random blockage of LoS by the users' movement or owing to obstructing objects, the received optical power may be dramatically reduced and the performance of VLC is consequently degraded. Frequently switching between the VLC and cooperative RF networks may result in the so-called ping-pong effect, as stated in Section IV-A2. In order to mitigate the amount of control signalling and to reduce latency, a predictive handover decision should be adopted [210] . However, except for the preliminary study of the shadowing effects introduced in Section II-B3, the research of the related blockage issues remains limited in the literature. More explicitly, to capture and predict the blocking patterns caused by the users' random movements, a Kalman filter can be used to track the movement of the user and Markov chain based modelling can be invoked to predict the probability of LoS blocking. Then, based on this prediction, an improved access system association and resource allocation decision can be achieved.
4) Mobility:
When the users are moving, mobility management constitutes another significant issue in VLC-based HetNets. Within a single VLC cell, the mobile user will experience substantially varying channel quality between the cell centre and the cell edge. This effect should be taken into consideration, when deploying the VLC APs as well as designing link-level techniques. Furthermore, the overlapping areas of neighbouring VLC APs may be contaminated by ICI, which dramatically degrades the QoS. Hence, the transmission schemes conceived for these ICI-infested areas should be carefully designed for ensuring the service remains uninterrupted.
Although various FR techniques have been proposed, an inherent disadvantage is that switching between different optical frequencies every few meters degrades the user experience. Therefore, seamless horizontal handover and VHO should be supported in VLC-based HetNets.
5) Outdoor Scenarios:
In outdoor environments, data transmission mainly relies on LoS links in VLC systems, where the communication range is critically dependent on the intensity of the transmitted light. Impairments are imposed by many sourses, such as sunlight, street lights, etc., which may dramatically degrade the received signal. An optical filter may be invoked for mitigating the effects of the ambient light impairment by selectively transmitting the desired light wavelengths. Furthermore, the atmospheric conditions also affect the optical signal. Intuitively, the intensity of the light is reduced in fog and rain [211] . Hence, appropriate techniques should be designed for outdoor VLC systems, including their channel modelling [212] , coding and modulation [213] , detection [214] , etc. Apart from the PHYlayer challenges, the handover problems also constitute an essential limitation of outdoor VLC systems, since vehicles are moving at a relatively high speed compared to the cell-radius [215] .
6) LED Limitations: With the emergence of indium gallium nitride technology it has become possible to manufacture efficient white LEDs. For mass-production, the illumination industries still use large-area blue LEDs and phosphor colour converters, which however have a limited bandwidth of a few MHz and hence their transmission-rate remains limited. Although the high-bandwidth LEDs discussed in [20] are promising, they are still far from becoming the norm in the illumination industry. Another important issue in LEDs is their nonlinear current-power response and limited dynamic range, which results in both amplitude and phase distortions. The impact of nonlinearity is more severe for high-order sub-carrier modulation based OFDM due to its high peak-toaverage power ratio [20] . Hence, valuable research has been dedicated to treating the nonlinearity of LEDs, such as limiting the peak-to-peak input signal range [216] , [217] , using pre-distortion [218] , post-distortion [219] , [220] or nonlinear equalisers [221] , etc. All in all, it is an exciting era for VLC researchers.
